We report on the optical and mechanical characterization of arrays of parallel micromechanical membranes. Pairs of high-tensile stress, 100 nm-thick silicon nitride membranes are assembled parallel with each other with separations ranging from 8.5 to 200 µm. Their optical properties are accurately determined using a combination of broadband and monochromatic illuminations and the lowest vibrational mode frequencies and mechanical quality factors are determined interferometrically. The results and techniques demonstrated are promising for investigations of collective phenomena in optomechanical arrays.
Optomechanical resonators exploiting the radiation pressure forces of electromagnetic fields on high-quality mechanical oscillators have a broad range of applications ranging from metrology and fundamental physics tests to information processing and sensing [1] . Integrated arrays of micro-/nanomechanical resonators are currently intensely investigated owning to the promising prospects they offer, among others, for enhanced sensing performances and multimode/quantum optomechanics [2] [3] [4] [5] [6] [7] , or for the exploration of many-body physics phenomena, such as synchronization and heat transfer at the nanoscale [8] [9] [10] [11] [12] [13] [14] [15] . Various collective optomechanics platforms have been proposed and a number of multimode optomechanics experiments are beginning to be implemented, e.g. with capacitive drums in the microwave regime [16, 17] or microspheres [18] , microtoroids [10, 19, 20] , nanobeams [11] , optomechanical crystals [21] and cold atoms [22, 23] in the optical regime.
High-tensile stress micromechanical membranes made of low-loss material like silicon nitride have in this respect demonstrated excellent optomechanical properties and integrability in high-finesse optical resonators [24] [25] [26] [27] [28] , with recent experiments involving the optomechanical dynamics of multiple membrane modes [29] [30] [31] [32] [33] [34] . In addition to these remarkable features, the high degree of uniformity displayed by batches of simultaneously fabricated membranes or the possibility to realize electro-optomechanical interfaces [35] [36] [37] render them interesting candidates for the exploration of collective phenomena with optomechanical arrays [5] . In particular, exploiting structural optical resonances in periodic arrays of parallel membranes has been proposed as a means to dramatically enhance the optomechanical coupling strength as well as to tailor long-range, collective phonon-phonon interactions [5, 12, 38, 39] .
We report here on the first realization of such arrays by assembling pairs of commercial, high-tensile stress silicon nitride membranes parallel with each other with separations ranging from 8.5 to 200 µm. Their optical transmission spectrum in the visible-near-infrared region is measured under either broadband and monochromatic illumination and the characteristic parameters of the arrays -membrane thickness, refractive index and separation -are extracted from a fit of the spectra to a one-dimensional model for * Corresponding author: dantan@phys.au.dk multilayered systems. We show that these parameters, in particular the intermembrane separation, can be accurately determined and observe peak transmissions of up to ∼ 99.7% at wavelengths around 900 nm, currently limited by imperfect parallelism in the assembly process. The lowest vibrational mode frequencies and mechanical quality factors are subsequently determined by means of optical interferometry in a low-pressure environment. The membranes used in this work are commercial (Norcada, Inc.), high-tensile stress (∼ 1 GPa) square silicon nitride films with lateral dimension 0.5 mm and thickness 100 nm, deposited on a 5 mm-square silicon frame. As depicted in Fig. 1 , pairs of membranes are assembled parallel with each other either (i) in a back-to-back configuration (Fig. 1a) , in which a custom-made spacer (thickness ∼ 8.5 µm in this work) has been deposited on one of the chips, or (ii) on top of each other (Fig. 1b) , using the silicon frame itself as a spacer (thickness 100 or 200 µm in this work). The membranes are positioned in a homemade holder and glued together on two frame sides with either epoxy or uv-curing glue. Prior to gluing the alignment of the membranes is performed in a simple fashion by illuminating the array with the focused radiation of a broadband visible source (flashlight tungsten filament), collecting the transmitted light with a multimode fiber and analyzing it with a spectrometer. An example of such a transmission spectrum, background-subtracted and normalized to that measured without sample, is shown in Fig. 2a in the range 400-1020 nm for an array with an intermembrane separation of ∼8.5 µm. In contrast with the slowly varying transmission of a single membrane (Fig. 2a, grey dots) , the transmission spectrum of the array (blue dots) shows the expected inter-ference pattern of a symmetric, low-finesse Fabry-Perot resonator, with near unity transmission at specific wavelengths.
This spectrum can be adequately reproduced using a onedimensional transfer matrix theory, in which the membranes are modelled as parallel dielectric slabs with thickness l and refractive index n(λ) separated by a distance d [40] . This model correctly accounts for the variation of the membrane reflectivity with the wavelength, as well as the phase-shift variation across the dielectrics, whose extension is not negligible with respect to the effective wavelength. Assuming the membranes to be identical and lossless and following Ref. [40] , it can be shown that the transmission of the array is given by
where
2 is the factor of finesse for membranes with polarizability ζ(λ) = (n 2 − 1)/(2n) sin(2πnl/λ), φ = 2πd/λ and ψ a phase factor which depends on n, l and λ and whose exact expression we do not reproduce here.
In addition, to take into account the small, but not completely negligible, variation of the membrane refractive index in the range considered, independent ellipsometry measurements were performed on samples originating from the same fabrication batch. The results were consistent with an index variation following a Cauchy law of the form n(λ) = n 0 + n 1 /λ 2 , with n 0 = 1.966 ± 0.001 and n 1 = (1.763 ± 0.032) × 10 4 nm 2 , in good agreement with what is expected for stochiometric silicon nitride. The solid line in Fig. 2a shows the result of a fit to the theoretical model assuming the previously determined refractive index variation and with l and d left as free parameters. The membrane thickness and spacing resulting from this fit are l = 92.3 ± 0.1 nm and d = 8570.3 ± 0.1 nm, respectively. The extracted value for the spacing is consistent with the results of profilometer and AFM measurements performed on chips from the same batch, although the latter measurements are typically about three orders of magnitude less precise.
Due to the limited resolution of the fiber spectrometer (∼ 0.3 nm), however, the broadband illumination method does not allow for a precise determination of the peak transmission of the array, which is a relevant quantity, e.g., for the insertion of such arrays in optical resonators [5] . To accurately determine the peak transmission, monochromatic light from a tunable external cavity diode laser is focused onto the array (waist w 0 ∼ 50 µm) and self-referenced measurements of the transmission are performed in the wavelength range available for the laser. The normalized transmission spectrum is shown in Fig. 2b . Accurate measurements of the peak transmission around 899 mn yield a value of 99.7 ± 0.1 %. Since ellipsometry measurements suggest a fair degree of uniformity for membranes from the same batch in terms of refractive index and thickness and low absorption levels which cannot account for this non-unity transmission, AFM and profilometer measurements of the spacer height and roughness on similar chips were performed. A conservative estimate for the intrinsic wedge due to spacer height variations was found to be of the order of 0.1 mrad. Figure 3 shows the results of numerical simulations of the peak transmission which take into account the Gaussian nature of the incident beam and include a potential wedge between the membranes [41] . For wedge angles < 1 mrad the numerical results agree well with the approximate expression at lowest order in
obtained when one neglects the Gaussian beam curvature and considers low reflectivity dielectrics. The observed deviation from unity transmission is thus consistent with an imperfect parallelism of the membranes, corresponding to a wedge angle of ∼ 0.2 mrad, either intrinsic or imposed during assembly. Similar measurements were performed on arrays assembled as shown in Fig. 1b with an intermembrane spacing dictated by the silicon frame thickness of 100 or 200 µm. The obtained transmission spectra under broadband and monochromatic illuminations for a 100 µm-spacing array are shown over the range 800-970 nm in Fig. 4a and 898-920 nm in Fig. 4b . Even though a ∼ 0.1 nm-resolution fiber spectrometer is used in the broadband illumination measurement to better resolve the finer structure, the contrast of the observed interferences is substantially reduced as compared to that observed under monochromatic illumination (Fig. 4b) . The interference patterns obtained in both measurements nicely overlap though.
The results of fits of the broadband and monochromatic illumination data to the theoretical model leaving l and d as free parameters and using an ellipsometry-determined Cauchy law refractive index variation with n 0 = 1.971 ± 0.004 and n 1 = (1.589 ± 0.033) × 10 4 nm 2 , yield l = 100.0 ± 0.3 nm and d = 106 359 ± 4 nm for the broadband illumination data and l = 100.0 ± 0.4 nm and d = 106 355 ± 5 nm, respectively. Remarkably, owing to the large number of observable interference periods, the intermembrane spacing can be quite precisely determined using the broadband illumination spectrum, even in presence of a reduced contrast. The peak transmission for this sample around 900 nm was ∼ 97%, limited again by imperfect parallelism during assembly. This level was consistent with profilometer-determined frame thickness wedge angles of the order of 0.5 mrad. Similar results were obtained with commercial samples having a frame thickness of 200 µm.
After the optical characterization (in air) of the samples their vibrational noise spectra were measured in a lowpressure environment (∼ 10 −6 mbar) using a ∼ 6 mm-long interferometer consisting of a 50:50 beamsplitter and the sample. Light from the narrow linewidth external cavity diode laser at ∼ 900 nm was focused onto the sample (waist ∼ 60 µm), which was resting on the frame corners, and the light transmitted from the interferometer was detected with a lownoise transimpedance photodetector. A pizeoelectric transducer inserted between the beamsplitter and the sample allowed for tuning the length of the interferometer and for performing ringdown measurements of the membranes' vibrational modes [24] in order to establish their mechanical quality factors. The results of characteristic measurements are shown in Fig. 5 . The normal mode frequencies of the membranes used to make arrays with the 8.5 µm-inbuilt spacer were found to be very close to those of square drums with a tensile stress of ∼ 715 MPa. Without preselection the frequency spacing between the fundamental modes of both membranes in the array was typically observed to be of a few kHz, reflecting the natural spread within the batch. While some arrays showed substantial deterioration of their mechanical quality factors after optical characterization and manipulation in an unclean environment, a few samples showed modes with Q-factors comparable to those of single membranes from the same batch (10 5 ), as can be seen from Fig. 5 . Similar measurements were performed as well with 200 µm-spacing arrays, where the average tensile stress of the individual membranes from this particular batch was higher (∼ 945 MPa), as well as the mechanical Q-factors (∼ 10 6 ). The fact that some arrays still displayed modes with similar Q values as those measured on single membranes from the same batch, even after extensive manipulation and characterization in air, suggests that, by minimizing manipulations after assembly, it should be possible to preserve the individual membrane mechanical properties, as is needed for future optomechanical experiments. In conclusion, double-membrane arrays consisting of hightensile stress, 100-nm thick silicon nitride suspended films with separations ranging from 8.5 to 200 µm, were assembled and characterized both optically and mechanically. The arrays were shown to have good parallelism and optical properties as well as promising mechanical quality. These results, together with the characterization techniques which are amenable to arrays with more than two membranes, represent the first experimental steps towards studies of collective optomechanics with nanomembrane arrays.
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